This paper presents the main findings of the effect of indoor humidity on occupants' thermal comfort in the humid tropics of Malaysia. An extensive field investigation was carried out in Kota Kinabalu city and the surrounding areas, located in East Malaysia. A total of 890 individuals were asked to complete a questionnaire. Measured indoor climates were also recorded. The survey was designed as cross sectional data collection. The present investigation found that the occupants were thermally comfortable at wide relative humidity range. The mean relative humidity corresponding to the optimum comfort temperature was close to 73%. Regression models failed to predict accurately the effect of relative humidity on occupants' thermal perceptions. In addition, a quadratic regression model was developed for the prediction of the mean indoor relative humidity based on indoor temperature. The suggested regression model can be used for an approximate prediction of indoor relative humidity when required.
Introduction
This humidity is among the indoor environmental factors that could affect thermal comfort in a building. Researches on thermal comfort at higher humidity levels were mostly carried out in climate chamber or air-conditioned spaces. Little observational studies were concerned with the direct effect of humidity on thermal comfort. This might be attributed partly to the major concern on validating the PMV in air conditioned spaces and the adaptive model in naturally conditioned spaces. However, currently, the return backs to investigating the environmental factors such as air movement, humidity and indoor air quality seems to capture research interests.
It is widely accepted, that evaporative cooling is among the preferred method to improve the indoor thermal comfort during summer dry seasons. Conversely, air movement is the preferred strategy for enhancing the indoor thermal perception in the humid tropics. The evaporative heat loss due to regulatory sweating is the major heat loss from the human body. Thereby; at higher humidity and lower air movement, thermal comfort may not be achieved. Why this was not reported in field studies carried out in the humid tropics? This is not known yet. Are people in the humid tropics satisfied with the high humidity levels?
Despite the fact that thermal comfort might be occasionally achieved at very high indoor air temperatures and humidity levels under hot-dry climatic conditions. It is not yet known how an acclimatized person subjected to the higher humidity levels will perceive the indoor thermal environment. This study has the main objective to investigate the humidity effect on thermal comfort in naturally ventilated buildings in the humid tropics of Malaysia.
Humidity and Thermal Comfort Standards
Thermal comfort is a state of mind which describes the satisfaction toward the indoor thermal environment [1] [2]. Air dry bulb temperature, mean radiant temperature, air velocity and humidity are the most known environmental parameters in field thermal comfort studies. Humidity refers to the mass of water vapor in a unit volume of air (moisture content). It can be expressed in several variables such as vapor pressure, dew point temperature, humidity ratio, and relative humidity. It is widely accepted that higher humidity and air temperature intensifies thermal sensation and reduces perspiration and evaporation of the body's capacity, consequently the body cannot be cooled by evaporation [3] . However, this was not observed in air-conditioned spaces. The following statement is quoted from Arens et al. [4] .
Although According to Olesen and Parsons, the recommended humidity level was behind several discussions in revision of standards [5] . The history of ASHRAE with thermal comfort might be traced back to 1967 [6] . Subsequent revisions of the ASHRAE Standards with the maximum allowed humidity levels are well described in the literature review accomplished by some investigators [6] [7] and updated during this study. ASHRAE 55-1981 [8] specified the comfort range according to the humidity ratio (g/kg). This was kept in most of the subsequent ASHRAE standards.
ASHRAE 55-1992 [9] set the maximum air relative humidity at 60%. This is because mold and mildew start to grow beyond this limit. ASHRAE 55-1994 [10] tolerated slightly higher relative humidity to include evaporative air conditioning; whereas no lower humidity level was recommended in ASHRAE 55-2004 [11] . This is because the humidity for thermal comfort is negligible. However, it might have secondary health implications as stated by the same standard. For instance, at low relative humidity, the increase in evaporation rate may cause skin drying and irritation [12] . An upper humidity ratio of 0.012 was set by the ASHRAE 55-2004 [11] . The upper humidity ratio was postulated for systems designed to control humidity. This corresponds to an upper relative air humidity level of about 80% at a low dry bulb temperature of about 20˚C.
ASHRAE 55-2010 [1] kept the limit of the humidity ratio to 0.012. Again the standard does not specify a minimum humidity level. However, the standard clearly states that other factors may place limits on the minimum humidity level, such dryness of the skin and eyes and others. Additionally, the standard did not set limits for humidity or air speed when the adaptive model chart is used. Interestingly, all comfort charts of ASHRAE 55 since 1981 [8] were slopped vertically from lower right to upper left. This reflects that the effect of humidity on thermal become more significant when operative temperatures are above 27˚C. Whereas at lower operative temperatures below 21˚C, the relative humidity seems to improve thermal comfort (eg. in ASHRAE chart 2010) [1] . It is necessary to emphasize that those charts might be more appropriate for air-conditioned spaces. This may not be the case for naturally ventilated buildings.
From the reviews above, it appears that the humidity effect on thermal comfort in air-conditioned spaces might not be the most determinant factor. This is due to the strict limitations of humidity imposed for health, indoor air quality, and other factors [5] [13] [14] . The present study provides further insight on the effect of humidity on occupants' thermal comfort in naturally conditioned buildings subjected to elevated humid level all year round.
Materials and Methods
A field study took place in Kota Kinabalu city located on the coastline of Sabah state at 5056'N Latitude, 116003' Longitude in a tropical hot-humid environment. The survey was carried out in forty two building locations. Most of the visited locations are red spotted in Figure 1 . The surveyed buildings have a spectrum of architectural features, styles, and building materials. Typical houses in Kota Kinaabalu are shown in Appendix A1. The objective of the experimental design was that the field survey should be conducted under various indoor climate conditions and spans over a period of at least one full year. The field survey was designed in such a way to ensure monthly and hourly daytime records. This is to provide an accurate and more representative evaluation of the population under investigations. Kota Kinabalu city was considered the center of the visited buildings. All the surrounded locations within the center were also the selected study area. Table 1 provides a summary of the surveyed buildings. Each subject and each house have been visited once.
The number of the surveyed subjects was 949 records. Records were reduced to 890 when filtered against the criteria established before analysis. Only acclimatized subjects for no less than one year were included in the final analysis. The survey was designed as cross sectional data collection.
The highest percentages of the surveyed occupants were under the category "Normal Weight". The average clothing insulation level worn by the subjects was about 0.3 clo. The estimated average surface area for a typical Malaysian body proportion was 1.62 m 2 . The metabolic rate of the surveyed subjects was in the range of 0.94 and 1.30 met.
The age of the occupant was set to be no less than 15 years old. Other requirements set in the present survey were that the occupant should be free from any major health problem, should not have a fever, flu or any disease that may have an effect on the prediction of the neutral temperature. Further information about data collection and preliminary data analysis is well documented in our previous publication [15] . 
Results and Discussion
The relationship between indoor air temperature as the independent variable and relative humidity as the dependent variable was first examined. This is by calculating linear, quadratic, cubic and others available models in the SPSS 17. Figure 2 shows a scatter plot of the indoor air temperature vs. indoor relative humidity for further illustration.
The relationship between indoor air temperature ( a T ) and relative humidity ( Table 2 .
The plotted values with their corresponding confidence and predicted intervals are shown in Figure 3 . The coefficient of the determination of the quadratic regression was close to one corresponding to a perfect quadratic relationship between the two variables. (r 2 = 0.993, Adjusted r 2 = 0.991, F = 430.907, P value = 0.000, n = 9). The regressed model is expressed by Equation (2 
Both methods provided almost similar outcomes. Shanmugavelu [16] also developed a non-linear regression from fifteen thousand paired outdoor temperatures and relative humidity dataset supplied by the Kuala Lumpur meteorological office [16] 
The present investigation provided a possibility for comparison of results between the two models within the range of the field survey associated with the indoor air temperature. This is shown in Figure 4 .
A glance at the multiple bar graph revealed that the maximum difference in the relative humidity between the two studies is no more than 4% when using mean values. The highest discrepancy of 6% was noted when considering all responses. Overall, the current model is consistent with the Shanmugavelu prediction within the indoor temperature range of 27˚C to 35˚C. Therefore the results might be used for an approximate prediction of indoor relative humidity from indoor air temperature when needed. In essence, the generated quadratic regression (Equation ( 2)) appears to be more precise for the prediction of the mean relative humidity values. This is due to the high variability of the recorded relative humidity reflected by the wide predicted interval and the variability of the standard deviation at each mean temperature bin. Figure 4 shows that relative humidity is steadily decreasing over air temperature, suggesting the existence of collinearity between the two variables. This was further confirmed from the developed Equations (1) and (2) . It is necessary to report that the comfort temperature was predicted from indoor air temperature in our previous investigation [15] [17] . From the analysed results, it can be said that the isolation of the individual contribution of relative humidity and air temperature to an occupant thermal sensation vote of seven-point ASHRAE scale is not possible. The high correlation coefficient between mean air temperature and mean relative humidity suggests that statistically the combination of these two parameters for the use of multiple regression analysis for indoor thermal comfort prediction may not be valid.
For further analysis of the effect of relative humidity on occupants' thermal comfort, the comfort temperature was predicted for seven-point ASHRAE scale. The reader may refer to our previous study [17] for more information about the predicted comfort temperature. Therefore, it will not repeat it here. The estimated comfort temperature value was about (30˚C). The acceptable comfort zone corresponding to the optimum percentages of votes within the central three categories (−1, 0, 1) on the ASHRAE thermal sensation scale varied from 27.5˚C to 33.5˚C. The estimated comfort band is 6˚C [17] . Further investigation showed that the determination of the mean relative humidity at the optimum neutral temperature is feasible. This can be done by substituting the neutral (comfort) temperature into Equation 1 or Equation (2) . The mean relative humidity corresponding to a neutral temperature of 30˚C is about 73%. For the indoor thermal comfort range of 27.5˚C and 33.5˚C [15] , the corresponding mean relative humidity values were within the range of 82% and 63% respectively. This is when applying Equation (2) . This shows occupants tolerance to higher humidity levels. Thus, humidity may not affect occupant thermal comfort.
Tanabe et al. [18] [19] also did not observe in their thermal comfort studies any increase in thermal sensation due to higher air relative humidity. Fountain et al. [7] found few differences in human response to air relative humidity exposure between 60% and 90% of the temperature range 20˚C -26˚C (new effective temperature) while sedentary. They highlighted that they were not able to distinguish the impact of air humidity on human response in their data. The authors presumed that the few differences could be a result of the increased skin temperature and sweating. McIntyre [20] reported that the difference in air relative humidity as 20% and 70% can be undetectable within the comfort zone. ISO 7730-2005 [2] stated in the informative part of the standard (Informative is not a formal part of the standard); that in moderate environment the rise of 10% in relative humidity is comparable to an increase in operative temperature by 0.3˚C. According to the standard, this has a modest impact on thermal sensation, but the situation might be different for higher activity levels. Even though the reason behind the selection of 0.3˚C in the standard is not known, the same observation was noted earlier by Nevins et al. [21] in the tested temperature range of 18.9˚C and 27.8˚C.
Bauman et al. [22] observed that the humidity affects occupant thermal sensation under increased metabolic rate. This was in agreement with an earlier study carried out by McNall et al. [23] . However, the authors did not register any considerable effect of higher air relative humidity within temperature range of 15.6˚C and 40.6˚C and air relative humidity of 20% and 90%. It may be interesting to mention that the recommended design air relative humidity in the Malaysian Standard for non-residential buildings were 60% to 70%, with the minimum acceptable relative humidity level of 55% [24] . The maximum relative humidity recommended by building regulations of Singapore in 1986was 75% of air-conditioned space [25] .
Conclusions
The current analysis and the data from this investigation offered valuable information on people thermal comfort toward indoor humidity. The analysis of relative humidity dataset revealed that the suggested quadratic regression models from the present work were in close agreement with the developed model by Shanmugavelu [16] . His model was developed from 15,000 of paired outdoor temperature and relative humidity dataset in Kuala Lumpur [16] . Therefore a regression model was suggested. This may help in estimating relative humidity from air temperature. This is very useful in case of non-availability of hygrometer. It also helps any study which requires approximate prediction of the indoor relative humidity. However, it remains valid within the range under investigation under Malaysian Climate People Thermal comfort in the humid tropics might not to be affected by the variation of relative humidity. Therefore, higher relative humidity in air-conditioned spaces might be acceptable. In non-air conditioned spaces in the humid tropics of Malaysia, the separation between both air temperature and relative humidity parameters was neither possible nor necessary. This is because; we found that the two parameters are highly correlated. In future field research studies, it is recommended to investigate the direct humidity effects on subjects' thermal perceptions due to sweating, and might be due to the heavy feeling of the saturated air on thermal preference. This is because the subjects in the humid tropics are mostly exposed to higher humidity levels all year round. Research on the effect of higher humidity levels at higher indoor temperatures on the deterioration of indoor quality is highly recommended.
